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Abstract
In the littlest Higgs model with T -parity, the production cross section of the T -odd heavy gauge
boson pair ZHWH is sizable at the LHC. In addition, both the ZH and WH bosons have almost
exclusively one decay channel into HAH and WAH respectively, where the dark matter candidate
AH yields a large missing transverse energy signal. Upon the discovery of the Higgs boson at
125 GeV, we study the discovery sensitivity of the final state pp → `bb¯ + /ET to probe the model
at the LHC. We find that the standard model backgrounds are manageable by applying suitable
kinematic cuts. The LHC running at
√
s = 14 TeV with a 100 fb−1 total luminosity is sensitive to
the model with the signal significance above 5 if the symmetry breaking scale f is below about 850
GeV.
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I. INTRODUCTION
After a long wait, a particle with close resemblance to the standard model (SM) Higgs
boson was finally discovered at the Large Hadron Collider (LHC). Based on 2011 and 2012
data at
√
s = 7 TeV and
√
s = 8 TeV, the observation of a new boson with mass around
125 GeV was declared by the ATLAS and CMS collaborations with a local significance of
5.0 standard deviation [1–4]. The CDF and D0 collaborations also supported this discovery
through the excess in the H → bb¯ channel [5].
The excitement at this great discovery is common in the whole particle physics commu-
nity. The interpretation of the detailed data splits though. One approach is to take some
deviation of the Higgs data from the SM expectation as a signal of new physics [6], especially
the enhanced rate in the γγ channel with about 2σ [7]. The other approach is to accept the
observed new boson as the SM Higgs boson with mass of 125 GeV. The 2σ deviation in the
γγ mode could fade away with more data.
We take an alternative stance: new physics beyond the SM exists at the TeV scale, and
we probe it by using the SM-like dominant decay of the Higgs boson, not by the deviation
in the H → γγ channel. The hint of new physics is from the observed mass of the Higgs
boson, which demands an answer to the gauge hierarchy problem. Accepting almost the
same properties with the SM Higgs boson, we can use it as a tagging particle for new
physics. This is very useful especially when the Higgs boson is a decay product of a heavy
new particle. The final state is a tagged Higgs boson, e.g., through a b quark pair with the
invariant mass near 125 GeV, accompanied by additional exotic signals such as large missing
transverse energy /ET .
In this direction, the littlest Higgs model with T -parity invariance, called the LHT
model [8–10], has drawn a lot of interest as it provides an answer to the gauge hierarchy
problem and a candidate for the cold dark matter. The model is based on an SU(5)/SO(5)
non-linear sigma model, accommodating the Higgs boson as a pseudo-Nambu-Goldstone
boson. Collective symmetry breaking mechanism prohibits one-loop quadratic divergence
in the radiative corrections to the mass of the Higgs boson. The little hierarchy problem is
postponed to much higher energy O(10) TeV. Phenomenologically, each SM particle has a
new heavy partner. In order to weaken the strong constraint from the electroweak precision
data [11], T -parity was implemented later [9, 10], under which the new partners of the SM
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particles have odd parity while the SM particles have even parity. The lightest new particle
AH , the partner of the SM U(1)Y gauge boson, becomes stable and weakly-interacting, and
thus a good dark matter candidate [12]. Many interesting phenomenological signatures at
high energy colliders have been studied in the literature [13–16], including the implication
for the LHC Higgs data [17].
The new heavy partner of the SM neutral SU(2) gauge boson, ZH , is especially interesting
since it decays almost exclusively into the SM Higgs boson and the cold dark matter particle
AH . By observing the Higgs boson with large /ET , we have an additional channel to probe
the LHT model. The ZH is mainly produced associated with WH [14]: the ZHZH production
cross section is about an order of magnitude smaller. The WH boson decays into WAH . If
W decays leptonically, the final state of ZHWH production is `bb¯+ /ET , where two AH ’s and
one neutrino carry /ET . We shall suggest optimal search strategies to enhance the signal
significance at the LHC.
The rest of the paper is organized as follows. We begin our discussion with a brief
review of the LHT model in Sec. II. In Sec. III, we specify the model parameters for ZHWH
production, and compute the total production cross sections at the LHC. We also suggest
kinematic cuts to suppress the SM backgrounds, and present the signal significance for the
LHC energy of
√
s = 7, 8, 14 TeV. We conclude in Sec. IV.
II. BRIEF REVIEW OF THE LHT MODEL
The LHT model is based on an SU(5)/SO(5) non-linear σ-model with a gauge symmetry
[SU(2)⊗ U(1)]2. The leading two-derivative term for the sigma field Σ is
LΣ = 1
2
f 2
4
Tr|DµΣ|2, (1)
where f is the symmetry breaking scale of the order of 1 TeV. The covariant derivative of
the sigma field is given by
DµΣ = ∂µΣ− i
2∑
j=1
{
gjW
a
j (Q
a
jΣ + ΣQ
aT
J ) + g
′
jBj(YjΣ + ΣY
T
j )
}
. (2)
Here Bj and W
a
j are U(1)j and SU(2)j gauge fields, respectively, and their corresponding
couplings are g′j and gj. The generators areQ
a
1 = diag (σ
a/2,03×3), Qa2 = diag (03×3,−σa∗/2),
Y1 = diag(−3,−3, 2, 2, 2)/10, and Y2 = diag(−2,−2,−2, 3, 3)/10.
3
Symmetry breaking occurs in two stages: (i) the global SU(5) symmetry as well as the
[SU(2)⊗ U(1)]2 gauge symmetry are broken by non-zero vacuum expectation value (VEV)
of an SU(5) symmetric tensor Σ0; (ii) the electroweak symmetry is broken as the Higgs field
develops non-zero VEV at loop levels. The first stage symmetry breaking is from non-zero
Σ0 field given by
Σ0 =

12×2
1
12×2
 . (3)
This Σ0 breaks the global SU(5) symmetry into SO(5) and the gauge symmetry [SU(2)⊗
U(1)]2 into its diagonal subgroup SU(2)L ⊗ U(1)Y . Among 14 massless Goldstone bosons
(10⊕30⊕2± 1
2
⊕3±1 representations of the SU(2)L gauge group) from the global symmetry
breaking, 10 and 30 are eaten by the broken gauge bosons ~W
µ
H and B
′µ
H .
The remained Goldstone degrees of freedom, the SU(2)L doublet h and triplet φ, are
parameterized by the pion matrix Π. The low energy dynamics of the model is described by
the expansion of the sigma field as
Σ = e2iΠΣ0, (4)
where the pion field is
Π =

φ† h
†√
2
02×2
h∗√
2
0 h√
2
02×2 h
T√
2
φ
 . (5)
The second stage of symmetry breaking occurs by the complex doublet 2± 1
2
, which has
proper quantum numbers for the SM Higgs boson. Its interactions with gauge bosons and
fermions generate non-zero VEV as well as its mass at loop level. The quadratic divergence
in the radiative Higgs boson mass is avoided by collective symmetry breaking. If one set
of SU(2) × U(1) gauge couplings vanishes, the theory is invariant under a global SU(3)
symmetry. The Higgs field remains as an exact Goldstone boson. We need two symmetry
breakings for the Higgs radiative mass, which is log-divergent at one-loop level and quadrat-
ically divergent at two-loop level. For Λ ∼ O(10) TeV, the Higgs boson mass is naturally of
the order of 100 GeV.
An inevitable consequence of non-zero VEV of the Higgs field is the tree level mixing
between the heavy new particles and the SM particles, which is strongly constrained by
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the electroweak precision data [11]. Later T -parity was introduced in order to forbid the
tree-level mixing, under which the gauge bosons and pion field are transformed as
W a1 ←→ W a2 , B1 ←→ B2, Π←→ −ΩΠΩ, (6)
where Ω = diag(1, 1,−1, 1, 1). If we impose g1 = g2 =
√
2g and g′1 = g
′
2 =
√
2g′, the
Lagrangian in Eq. (2) is T -parity invariant. The heavy gauge bosons are simply W±H =
(W±1 − W±2 )/
√
2, ZH = (W
3
1 − W 32 )/
√
2 and AH = (B1 − B2)/
√
2 with the masses of
MWH = MZH = gf and AH = g
′f/
√
5 to leading order. New gauge bosons of WH , ZH ,
and AH have odd T -parity while all the SM fields have even T -parity. There is no tree-level
mixing between a SM particle and a new particle.
Another key ingredient in the LHT model is the presence of T -odd fermions, which is
crucial for the invariance of T -parity in the model. Their heavy masses are parameterized
by Yukawa type coupling κ as Mf− =
√
2κf [13, 18, 19]. For simplicity, we assume that κ is
flavor-diagonal and universal. There are lower and upper bounds on κ. If κ is too small, new
fermions become light and are to be copiously produced at the LHC. The pair production
of T -odd fermions leaves the final states of jets and missing transverse energy, which is
constrained by the search for squarks [20]. If κ is too large, a naive expectation is that all
heavy fermions get decoupled from the theory. However four fermion contact interactions
have non-decoupling effects from κ. The e+e− → qq¯ scattering constrains κ <∼ 3.4 [18].
Final comments are on the decay modes of the heavy gauge bosons of ZH and WH .
Crucial are the two-body ferminonic decays of ZH/WH → f−f (′). For κ ≥ 0.46, however,
heavy masses of f−’s close these decay modes kinematically. The dominant decay mode of
ZH is into HAH . The next dominant is into HHAH with the branching ratio of a few percent
at most. With mH = 125 GeV, we have BR(ZH → AHH) = 99%, 97% for f = 0.5, 1 TeV
respectively. The heavy WH decays almost exclusively into WAH .
III. ZHWH SIGNAL AT THE LHC
The ZHWH production at the LHC is from the qq¯
′ annihilation. There are three Feynman
diagrams: the s-channel one mediated by the SM W boson, the t-channel and u-channel
ones by T -odd quarks. An important observation is that the s-channel contribution alone
diverges as energy goes to infinity [14]. The t-channel and u-channel contributions interfere
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FIG. 1. The total cross section of ZHWH at the LHC with
√
s = 7, 14 TeV for κ = 1, 3 as a
function of f .
destructively with the s-channel one, and cancel the diverging contributions. The inclusion
of T -odd heavy fermions is crucial in order to respect the partial-wave unitarity.
In Fig. 1, we show the total cross section of ZHWH at the LHC with
√
s = 7, 14 TeV
for κ = 1, 3 as a function of f . The result for
√
s = 14 TeV and κ = 1 is consistent with
that in Ref. [14]. If κ = 1 and f = 500 GeV, the total cross section is about 0.45 pb (0.09
pb) for
√
s = 14 (7) TeV. If κ increases into 3, the cross section also increases by a factor
of 3 ∼ 4. This is attributed to the weakened destructive interference effects. At the LHC
with
√
s = 8 TeV, the total production cross section, compared to
√
s = 7 TeV, increases
by 6− 7%. Recently the QCD K-factor at next-to leading order has been calculated to be
roughly ∼ 1.1 [21].
We consider the dominant subsequent decays of ZHWH as in Fig. 2:
pp→ ZH +WH → HAH +WAH → bb¯AH + `νAH . (7)
Note that both the branching ratios of BR(ZH → AHH) and BR(WH → WAH) are almost
100% for κ = 1, 3. We use MADGRAPH [22] for the signal event generator. The basic cuts
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FIG. 2. `bb¯+ /ET channel from the ZHWH decay
on the transverse momentum pT and the pseudo-rapidity η of jets and charged leptons are
pTj > 50 GeV, pT` > 25 GeV, |ηj,`| < 2.5. (8)
The irreducible SM backgrounds are
pp→ W + bb¯→ `ν + bb¯, (QCD) (9)
pp→ W + Z → `ν + bb¯, (10)
pp→ W +H → `ν + bb¯. (11)
Dominant is the first QCD process in Eq. (9), mediated by the gluon. The cross section
of this QCD process with the basic cuts in Eq. (8) is ∼ O(20) pb. Our signal with the
basic cuts is ∼ O(1) fb. Other backgrounds are pp → WZ and pp → WH. A reducible
background comes from tt¯ production followed by tt¯ decaying into bb¯``νν with one of the
charged leptons missed in the detector.
Now we suggest suitable kinematic cuts to suppress the SM backgrounds. First we note
that the bb¯ in our signal is from the decay of the Higgs boson, while the bb¯ in the QCD
background is mediated by a gluon. We apply the following cut on the invariant mass of bb¯
to suppress the SM backgrounds, especially the QCD one:
115 GeV < Mbb¯ < 135 GeV. (12)
Another sensitive probe is the missing transverse energy. The SM background has /ET
from the neutrino in the W decay, while the /ET in our signal comes from two heavy AH ’s
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TABLE I. Signal and background cross sections as well as the signal significance for pp→ `bb¯+ /ET
at the LHC with the total luminosity L = 11.2 fb−1 at √s = 7 TeV, L = 40 fb−1 at √s = 8 TeV,
and L = 100 fb−1 at √s = 14 TeV. Additional kinematics cuts are 115 < Mbb¯ < 135 GeV and
/ET > 100 GeV. We have applied 10% systematic uncertainty, the b-tagging efficiency of b = 67%,
and the mistagging efficiency of mistag = 1.5%.
`bb¯+ /ET (115 < Mbb¯ < 135 GeV and /ET > 100 GeV)
√
s at the LHC 7 TeV 8 TeV 14 TeV
σSM 1.8 fb 2.2 fb 5.0 fb
σsignal
S√
B⊕0.1B σsignal
S√
B⊕0.1B σsignal
S√
B⊕0.1B
κ = 1
2.0 fb 3.5 2.9 fb 6.3 9.9 fb 13.7
f = 500 GeV
κ = 3
7.4 fb 12.9 11.1 fb 23.4 45.0 fb 62.0
f = 500 GeV
κ = 3
1.1 fb 1.9 1.8 fb 4.0 10.0 fb 13.7
f = 700 GeV
κ = 3
0.1 fb 0.2 0.2 fb 0.5 1.8 fb 2.5
f = 1 TeV
and one neutrino. Naturally our signal has a harder /ET distribution. We apply the following
strong /ET cut:
/ET > 100 GeV. (13)
Finally we apply b-tagging for both b quarks with the following efficiency [23]:
b = 67%, mistag = 1.5%. (14)
In Table I, we summarize the signal and SM background cross sections, and the signifi-
cance for pp→ `bb¯+ /ET at the LHC with the total luminosity L = 11.2 fb−1 at
√
s = 7 TeV,
L = 40 fb−1 at √s = 8 TeV, and L = 100 fb−1 at √s = 14 TeV. For the model parameters,
we consider four cases of (f/ TeV, κ) = (0.5, 1), (0.5, 3), (0.7, 3), (1, 3). We have applied
all of the above cuts. We also include 10% systematic uncertainty when computing the
significance, which is inevitable with b jets.
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First we compare two cases of κ = 1 and κ = 3 with the given f = 500 GeV. A larger
κ value, which implies heavier T -odd quarks and smaller destructive interference between
s-channel and t(u)-channel diagrams, leads to more signal events: the cross section of the
κ = 3 case is bigger than that of the κ = 1 case by a factor of 3.7 ∼ 4.5. For f = 500 GeV
even with small κ, the LHC has great potential of discovering ZHWH production through
the final state of `bb¯ + /ET , especially at
√
s = 8, 14 TeV. Increasing the value of f will
lead to smaller cross sections. If f = 700 GeV and κ = 3, the discovery significance is high
enough about 4 at
√
s = 8 TeV and above 13 at
√
s = 14 TeV. Although it is reduced
considerably compared to the f = 500 GeV case, this case can be probed at the LHC. If
f = 1 TeV, the decrease of the cross section is too severe. Even with a high luminosity
100 fb−1 at
√
s = 14 TeV and even in the large κ case, the result does not yield high enough
significance. The discovery significance of 5 at
√
s = 14 TeV is obtained if f <∼ 850 GeV.
IV. CONCLUSIONS
Upon the discovery of a new boson with mass around 125 GeV, which shows incredible
resemblance with the SM Higgs boson, we have studied the potential of the Higgs boson
as a tagging particle in the LHT model. The ZHWH production channel at the LHC has
several merits for this purpose: (i) it has the largest cross section among heavy gauge boson
production; (ii) both WH and ZH have practically one decay mode of WH → WAH and
ZH → HAH ; (iii) the subsequent decays lead to a relatively clean final state of `bb¯+ /ET .
We have shown that the `bb¯ + /ET final state from the ZHWH production channel can
yield high enough discovery significance for testing the model. With suggested kinematic
cuts we are able to reduce the SM backgrounds to a manageable level, including the large
QCD Wbb¯, WZ, and WH production, as well as the reducible background of tt¯ production.
The signal significance at the LHC with
√
s = 14 TeV can be risen above 5 if f <∼ 850 GeV
and κ = 3.
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